Histone chaperones affect chromatin structure and gene expression through interaction with histones and RNA polymerase II (PolII). Here, we report that the histone chaperone Spt6 counteracts H3K27me3, an epigenetic mark deposited by the Polycomb Repressive Complex 2 (PRC2) and associated with transcriptional repression. By regulating proper engagement and function of the H3K27 demethylase KDM6A (UTX), Spt6 effectively promotes H3K27 demethylation, muscle gene expression, and cell differentiation. ChIP-Seq experiments reveal an extensive genome-wide overlap of Spt6, PolII, and KDM6A at transcribed regions that are devoid of H3K27me3. Mammalian cells and zebrafish embryos with reduced Spt6 display increased H3K27me3 and diminished expression of the master regulator MyoD, resulting in myogenic differentiation defects. As a confirmation for an antagonistic relationship between Spt6 and H3K27me3, inhibition of PRC2 permits MyoD re-expression in myogenic cells with reduced Spt6. Our data indicate that, through cooperation with PolII and KDM6A, Spt6 orchestrates removal of H3K27me3, thus controlling developmental gene expression and cell differentiation.
Introduction
Nucleosomes present a physical barrier to the RNA polymerase II (PolII) transcriptional complex. Biochemical and genetic experiments have identified histone chaperones as critical players of transcriptional elongation (Avvakumov et al, 2011) .
FACT and Spt6 facilitate the elongation of PolII complex by interacting with and destabilizing histone dimer-tetramer nucleosomal contacts (Belotserkovskaya and Reinberg, 2004) . Additionally, these histone chaperones participate in histone reassembling by collecting and repositioning displaced free histones onto transcribed DNA regions after passage of PolII (Bortvin and Winston, 1996; Belotserkovskaya et al, 2003; Saunders et al, 2003; Youdell et al, 2008) . Spt6 enhances transcriptional elongation rate (Kaplan et al, 2000; Endoh et al, 2004; Ardehali et al, 2009 ) and interacts with elongating serine 2-phosphorylated RNA polymerase II (Ser2P-PolII) (Yoh et al, 2007) , a property which is also required for Spt6 to promote mRNA processing and nuclear export (Yoh et al, 2008) . During transcriptional elongation, PolII-associated Spt6 likely encounters, displaces, or modifies nucleosomes bearing repressive epigenetic marks, such as Polycomb Repressive Complex 2 (PRC2)-mediated H3K27me3. Zebrafish Spt6 mutants (pan SBU2 ) display several developmental defects, including loss of segmental expression of the muscle developmental regulator MyoD in somites and disrupted muscle differentiation (Kok et al, 2007) . Overall, these findings indicate a role of Spt6 in controlling transcription and developmental processes, and prompted us to investigate its contribution to mammalian muscle gene transcription and cell differentiation.
We report that Spt6 is recruited along with PolII at chromatin regions of muscle genes and is required for appropriate muscle gene expression and cell differentiation. Besides its known role in facilitating PolII elongation, we describe an additional mechanism through which Spt6 promotes activation of the myogenic gene program. It entails erasure of the repressive H3K27me3 epigenetic mark through Spt6-mediated chromatin association of the H3K27 demethylase KDM6A (UTX). Cells with reduced Spt6 levels or pan SBU2 embryos display elevated levels of H3K27me3 and repression of the master regulator of muscle development, MyoD. Furthermore, depletion of H3K27me3 via PRC2 interference in Spt6-siRNA cells reactivates muscle gene expression. Overall, our findings assign an additional regulatory role to Spt6 as modulator of epigenetic modifications involved in controlling gene expression during cell differentiation.
Results

Spt6 is enriched at chromatin regions of actively transcribed genes and is necessary for skeletal muscle cell differentiation
We started exploring the role of Spt6 in muscle gene activation and cell differentiation by first defining its genome-wide distribution by ChIP-Seq in undifferentiated C2C12 skeletal muscle myoblasts (MB) and differentiated myotubes (MT). The Spt6 antibody employed in ChIP-Seq recognizes bona fide Spt6 protein as documented by immunoblotting with recombinant Spt6 and Spt6 siRNA experiments (Supplementary Figure 1A) . With a 5% FDR cutoff, we identified 24 842 and 16 536 Spt6-enriched regions in C2C12 MB and MT, respectively (Supplementary Table 1 ). In all, 73% of total Spt6 peaks in C2C12 MB and 72% in C2C12 MT were detected within gene bodies and promoters ( À 1 kb from the transcriptional start site, TSS), while the remaining peaks were located at intergenic regions ( Figure 1A ). Spt6 was enriched at both TSS and transcription end sites (TES) (Supplementary Figure 1B) , a distribution shared with PolII (Kuehner et al, 2011) . Concurrent analysis of Spt6 and PolII ChIP-Seq for both C2C12 MB and MT (Mousavi et al, 2012) revealed that Spt6 positively correlates with PolII occupancy at transcribed genes ( Figure 1B ; Supplementary Figure 1C and D). Despite being expressed in both MB and MT ( Figure 1D ), Spt6 was recruited at muscle-specific genes (e.g., MYOG, MYH3, and MYLPF) only when these genes were transcribed in MT ( Figure 1C ). MYOD1 and DES, which were transcribed in both MB and MT, were occupied by Spt6 at both developmental stages, whereas Spt6 occupied CCND1 only in MB, when the gene is transcribed ( Figure 1C) . As determined by ChIP-Seq, both MYOG and MYH3 were marked by H3K27me3. In differentiated MT, H3K27me3 was reduced at selected regions (upstream regulatory regions and gene body of both MYOG and MYH3) ( Figure 1C , shaded regions) (Mousavi et al, 2012) . Neither Spt6 nor PolII was detected at the neuronal NEUROGENIN1 locus, which was occupied by H3K27me3 and transcriptionally silent in C2C12 cells (Supplementary Figure 1E) . To gain insight into Spt6 function, C2C12 MB cells were transfected with two different sets of Spt6 siRNA duplexes to reduce Spt6 expression. Either set, but not unrelated siRNA, effectively reduced Spt6 protein (Supplementary Figure 1A) . When induced to differentiate, C2C12 MB with lowered Spt6 failed to appropriately activate muscle gene expression and differentiate (Figure 2A and B) . Similarly, Spt6 knockdown in primary mouse MB negatively affected muscle gene expression and cell differentiation ( Figure 2C and D) . Conversely, C2C12 cells transduced with Spt6 retroviral vector displayed accelerated differentiation, as shown by precocious expression of MyoG and myosin heavy chains (Myh) ( Figure 2E ). Overall, these findings indicate that Spt6 accumulates with PolII at transcribed genes and is required for muscle gene expression and cell differentiation. 
Spt6 negatively regulates H3K27me3 in mammalian cells and zebrafish embryos
To correlate Spt6 and PolII gene occupancies with histone modifications, we performed ChIP-qPCR experiments with antibodies directed against Spt6, PolII, H3K4me3 (a mark of transcriptionally competent promoters), H3K36me3 (transcription elongation mark), H3K27me3 and H3K9me3 (repressive marks) on selected genes in undifferentiated MB and differentiated C2C12 MT. Recruitment of Spt6 and PolII at transcribed genes MYOG, MYH3, CKM, and SMYD1 correlated with increased PolII, H3K4me3, and H3K36me3 in MT ( Figure 3A ; Asp et al, 2011) . H3K27me3 was consistently decreased at every investigated gene in MT, whereas H3K9me3 was reduced only at the MYOG and SMYD1 promoter regions, suggesting distinct and gene-specific functions of these repressive marks ( Figure 3A ). To investigate whether Spt6 may influence histone modifications and PolII occupancy, C2C12 cells were transfected with control or Spt6 siRNA and ChIP assay performed. In cells transfected with Spt6 siRNA, MYOG, MYH3, CKM, and SMYD1 genes displayed decreased PolII and H3K36me3 (only at coding regions) ( Figure 3B ). With the exception of MYOG, H3K4me3 was not affected by Spt6 siRNA ( Figure 3B ). H3K27me3 was significantly increased at every investigated gene and H3K9me3 selectively enriched at the MYOG promoter ( Figure 3B ). Myogenin, Myh3, Ckm, and Smyd1 transcription was reduced by Spt6 siRNA ( Figure 3C ). These findings, along with the reported chaperone activity of Spt6, prompted us to analyse global levels of histone H3 in control and Spt6-siRNA cells. No obvious differences were detected in either total or chromatin-bound histone H3 levels ( Figure 3D ; Supplementary Figure 2A) . Surprisingly, H3K27me3 was globally and conspicuously increased ( Figure 3D ). The effects of Spt6 siRNA on H3K27me3 were specific, as levels of H3K9me3 were not modified ( Figure 3D ). Even with elevated H3K27me3 levels, total and chromatin-bound Ezh2 protein was reduced ( Figure 3D ; Supplementary Figure 2B ). Spt6 siRNA in a breast cancer cell line or in ESC also caused increased H3K27me3, suggesting that this phenomenon occurs broadly across various mammalian cell types ( Figure 3E ). A zebrafish mutagenesis screening has identified an Spt6 mutant (pan SBU2 ) with disrupted somitogenesis, defective MyoD mRNA expression, and abnormal muscle differentiation (Kok et al, 2007) . We prepared extracts from sibling wild-type and pan SBU2 zebrafish embryos and found comparatively reduced MyoD protein levels and globally elevated H3K27me3 levels in pan SBU2 embryos ( Figure 3F ). Overall, these results indicate that low levels of Spt6 are associated with increased H3K27me3 in several mammalian cell types and in zebrafish embryos. genes (Seenundun et al, 2010) . Our experiments confirmed KDM6A expression in C2C12 cells and recruitment at both the promoter and coding regions of several genes ( Figure 4A and B), coinciding with H3K27 demethylation, H3K4me3 enrichment, PolII engagement, and transcriptional activation ( Figure 3A) . As shown by experiments in which it was reduced, KDM6A is required for muscle transcriptional activation ( Figure 4C ). In C2C12 cells transfected with Spt6 siRNA cells, KDM6A chromatin enrichment was reduced ( Figure 4E ), a phenomenon that was accompanied by increased H3K27me3 ( Figure 3B , ChIP_H3K27me3 panel). Total levels of KDM6A were not affected by Spt6-siRNA and, conversely, KDM6A siRNA specifically reduced KDM6A without affecting Spt6 expression ( Figure 4D ). Thus, Spt6 promotes chromatin association of KDM6A and is required to reduce H3K27me3 at muscle regulatory regions. Spt6 and KDM6A are concomitantly recruited at transcribed genes and co-immunoprecipitate The experiments reported above indicate that Spt6 and KDM6A occupy the same set of muscle regulatory regions. However, Spt6 and KDM6A may independently occupy the same chromatin regions in two different cell subpopulations. To evaluate whether Spt6 and KDM6A concomitantly occupy the same chromatin regions in the same cells, we performed sequential ChIP in which exogenous Flag-tagged Spt6 was first immunoprecipitated with a Flag antibody, the immunoprecipitated material eluted and subjected to a further immunoprecipitation with an antibody directed against endogenous KDM6A. As a control, chromatin from cells transfected with a control ('empty') vector was first immunoprecipitated with Flag antibody followed by immunoprecipitation with the KDM6A antibody. Using ChIP-qPCR, we analysed both the promoter and coding regions of MYOG, MYH3, CKM, and SMYD1 ( Figure 5A ). Each region was significantly enriched for KDM6A only in cells expressing Flag-Spt6. Cell transfected with an empty vector displayed no KDM6A enrichment.
The above observations suggested that Spt6 and KDM6A proteins physically interact. To confirm and map the interaction domains, Flag-KDM6A and myc-Spt6 were expressed and co-immunoprecipitated from HEK293 cells. Full-length (a.a. 1-1401) and N-terminus-truncated (a.a. 401-1401) Flag-KDM6A were co-immunoprecipitated with myc-Spt6 ( Figure 5B, left panel) . The KDM6A N-terminus truncated region spans a domain with six tetratricopeptide repeats (TPR), an evolutionary conserved motif directly interacting with the acetyltransferase CBP and suggested to mediate the switch from H3K27me3 to H3K27 acetylation (Tie et al, 2012) . Deletion of the last 143 C-terminal amino acids of KDM6A (a.a. 1-1258) ( Figure 5B , right panel) resulted in increased interaction with Spt6, indicating the presence of an interaction inhibitory domain at the C-terminus of KDM6A. Truncation of the JmjC domain (a.a. 1-1095), a motif required for binding to essential cofactors involved in demethylase activity, gave rise to a KDM6A polypeptide which interacted with Spt6 as efficiently as the full-length KDM6A (a.a. 1-1401), whereas the deletion of additional 164 amino acids (aa.1-931) substantially diminished KDM6A interaction with Spt6 ( Figure 5B , right panel). To map the regions of Spt6 that mediate interaction with KDM6A, we generated several Spt6 deletion mutants ( Figure 5C ). Two independent regions, one resembling the bacterial Tex-like domain (Johnson et al, 2008) , the other spanning the RNA binding S1 domain (Bycroft et al, 1997) of Spt6 mediated KDM6A interactions. Interestingly, the Src homology 2 (SH2) domain of Spt6, implicated in binding to PolII Ser2 CTD (Yoh et al, 2007) , was not involved in KDM6A interaction ( Figure 5C ), leaving open the possibility that PolII, Spt6, and KDM6A may form a trimeric protein complex. Importantly, endogenous Spt6 and KDM6A proteins derived from C2C12 cells also co-immunoprecipitated ( Figure 5D ). Co-immunoprecipitation experiments conducted with purified baculovirus-produced Spt6 and KDM6A failed to detect association of the two proteins (data not shown). Post-translational modifications or adaptor molecules may mediate Spt6-KDM6A interaction.
Genome-wide colocalization of Spt6, PolII, and KDM6A at transcribed genes devoid of H3K27me3 To evaluate the extent of genome-wide overlap of Spt6 and KDM6A binding, we determined the genome-wide distribution of KDM6A by ChIP-Seq in C2C12 MB and MT. KDM6A antibody specificity was documented by immunoblotting with recombinant KDM6A protein and cell extracts of C2C12 cells with KDM6A siRNA (Supplementary Figure 3A) . With a 5% FDR cutoff, B40 000 and B21000 KDM6A-enriched regions were identified in C2C12 MB and MT samples, respectively (Supplementary Table 1 ). KDM6A ChIP-Seq performed after KDM6A siRNA in C2C12 MB demonstrated genome-wide reduction of KDM6A occupancy, further supporting specificity of the KDM6A antibody (Supplementary Figure 3B and C) . Genome-wide distribution of KDM6A in both C2C12 MB and MT closely resembled that of Spt6 (Figure 1 ) with 68 and 72% of the KDM6A peaks Spt6 regulates H3K27me3 and muscle gene expression AH Wang et al being localized at promoters and gene bodies, and the remaining located at intergenic regions ( Figure 6A ).
When correlated with ChIP-Seq data sets for Spt6 and PolII, 75% of KDM6A þ genes overlapped with Spt6 þ genes, and 80% of KDM6A þ genes overlapped with PolII þ genes in C2C12 MB. Similar distributions were observed in C2C12 MT ( Figure 6B-D) . In addition, KDM6A enrichment at both TSS and TES positively correlated with Spt6 occupancy and was significantly reduced at regions where Spt6 binding was either reduced or not detected (Supplementary Figure 3D) , indicating a dependent binding relation between the two proteins. Spt6-and KDM6A-occupied regions are devoid of H3K27me3 and, conversely, H3K27me3-enriched regions tend to exclude Spt6 and KDM6A binding ( Figure 6B ). Intersecting Spt6 and KDM6A with H3K27me3 ChIP-Seq data sets (Mousavi et al, 2012) unveiled that 78 and 80% of the Spt6 þ /KDM6A þ double-positive genes were devoid of significant H3K27me3 in C2C12 MB and MT, respectively ( Figure 6E ). To more specifically correlate Spt6 and KDM6A occupancy with H3K27me3, we evaluated H3K27me3 . KDM6A fl/fl MEFs were stably infected with a Cre-expressing retrovirus to excise KDM6A (KDM6A À / À ) ( Figure 7A ). As shown for C2C12, breast cancer, and ES cells (Figure 3 ), Spt6-siRNA increased H3K27me3 also in wild-type MEFs ( Figure 7B ). Compared to control, KDM6A À / À MEFs had elevated H3K27me3. However, H3K27me3 was not further increased by Spt6-siRNA in KDM6A À / À MEFs, indicating that the effects of Spt6 inactivation on H3K27me3 are mediated by KDM6A ( Figure 7B ). An additional prediction made by our model is that if transcriptional repression observed in Spt6-siRNA C2C12 cells is the outcome of increased H3K27me3, the reduction in H3K27me3 may reactivate gene expression.
To test this prediction, we reduced expression of Ezh2 by siRNA in Spt6-siRNA C2C12 cells. Ezh2-siRNA alone had no significant effect on expression of MyoD ( Figure 7C and D). Spt6 siRNA in undifferentiated C2C12 cells resulted in increased H3K27me3 and reduced MyoD expression ( Figure 7C and D). Concomitant knockdown of both Ezh2 and Spt6 reduced global and chromatin-bound H3K27me3 compared to Spt6 knockdown alone and reactivated MyoD expression ( Figure 7D and E). Consistent with MyoD reactivation, PolII recruitment was re-established in Spt6-Ezh2 double knockdown cells ( Figure 7F ). Overall, our data indicate that the effects of Spt6-siRNA on H3K27me3 are mediated by KDM6A and that deposition of H3K27me3 allows transcription to resume, even when the levels of Spt6 are suboptimal. It is noteworthy that mRNA quantification has been performed by correcting for the values of GAPDH mRNA, whose levels are not affected by Spt6 (Yoh et al, 2007) . Moreover, Spt6 siRNA does affect PolII levels (Yoh et al, 2007) .
Discussion
The histone chaperone Spt6 interacts with histone H3 and elongating PolII to regulate chromatin dynamics and mRNA biogenesis. Our study reveals that Spt6 plays an additional functional role in promoting and/or stabilizing chromatin interaction of the H3K27 demethylase KDM6A ( Figure 7G ). Using skeletal muscle cells as a model system, we found that muscle gene expression cannot be properly activated and muscle cells fail to differentiate when Spt6 is experimentally reduced. Under these circumstances, recruitment of PolII at both promoters and gene bodies, and of the H3K27 demethylase KDM6A is hampered at muscle-specific genes, which remain transcriptionally repressed and marked by H3K27me3. Furthermore, expression of muscle master reg- H3K27me3, thus assigning an essential role to KDM6A in mediating increased H3K27me3 in the absence of Spt6. As Spt6 is devoid of obvious specific DNA-binding modules, its chromatin recruitment may be mediated by specific transcription factors, either directly or through interaction with KDM6A, which is in turn engaged by the transcription factor Six4 at the MYOG and CKM loci (Seenundun et al, 2010) . This latter recruitment modality is suggested by the observation that KDM6A is first detected at enhancer and promoter regions and only subsequently spreads to the coding regions of MYOG and CKM. Moreover, blocking PolII elongation results in increased H3K27me3 at MYOG and CKM coding regions (Seenundun et al, 2010) . These findings parallel our results and suggest that protein complexes containing both PolII and Spt6 mediate KDM6A-dependent H3K27 demethylation occurring during the elongation process. In addition to its function at coding regions, KDM6A may be involved in shaping active enhancers by promoting H3K27 demethylation. Suggesting a critical role of KDM6A in establishing enhancer identity, Drosophila UTX (dUTX) mutants display a globally reduced H3K4me1 (Herz et al, 2010) . Indeed, Drosophila dUTX is a complex-specific subunit of the Trr complex, involved in endowing enhancers with H3K4 monomethylation and H3K27 acetylation (Herz et al, 2012) . In mammals, KDM6A is found in protein complexes containing MLL3 and MLL4 with H3K4 methyltransferase activity , and cells from MLL3/4 knockout animals display decreased H3K4me1 and H3K27 acetylation and increased H3K27me3 (Herz et al, 2012) . Thus, it appears that KDM6A might be involved in defining both poised (H3K4m1) (Heintzman et al, 2009 ) and active (H3K4me1/H3K27ac) (Creyghton et al, 2010; RadaIglesias et al, 2011) enhancers. Given the intimate relation between KDM6A and Spt6 described here, it will be of interest to determine the role of Spt6 in shaping enhancer landscapes.
Yoh et al (2008) have reported that H3K27me3 is globally increased by knockdown of the H3K36me3 methyltransferase HYPB/Setd2, whereas knockdown of Iws1, an Spt6 partner protein specifically increased H3K27me3 of the PABPC1 gene. However, when tested, Iws1 was found not to associate with either KDM6A or B (Yoh et al, 2008) . Our results suggest that both Setd2 and Iws1 may affect KDM6A recruitment via Spt6. Reducing Spt6 may impair transcription through a combination of reduced PolII recruitment and increased H3K27me3 nucleosomes that may behave as roadblocks, further impeding PolII recruitment and elongation. In agreement with the speculation that H3K27me3 may hinder PolII recruitment and elongation, our findings show that reducing H3K27me3 in Spt6-siRNA cells by interfering with the PRC2 enzymatic subunit Ezh2 allows transcriptional recovery of the muscle master regulator MyoD, indicating that Spt6 may be dispensable for PolII recruitment and elongation, when H3K27me3 roadblocks are removed ( Figure 7F ). In a recent study, the H3K27 demethylases KDM6B (JMJD3) and KDM7A (KIAA1718) have been shown to form a protein complex containing the histone chaperones Spt6 and Spt16, the H3K36 methyltransferase SETD2, the chromodomain protein CHD7, and CDC73, a component of the PAF complex (Chen et al, 2012) . Reduction of either KDM6B or KDM7A decreased Spt6 recruitment at two genes. Thus, Spt6 and H3K27 demethylases KDM6A and KDM6B may be mutually required for effective chromatin recruitment and transcriptional activation. KDM6A controls disparate biological processes, including cardiac developmental program , zebrafish development (Lan et al, 2007) , regulation of lifespan in C. elegans (Jin et al, 2011a) (Maures et al, 2011) , and retinoblastoma-dependent cell fate (Wang et al, 2010) . Moreover, KDM6A somatic mutations have been reported in several human tumors (van Haaften et al, 2009) . Because of the Spt6-KDM6A association, it will be of interest to determine which role Spt6 has in all these processes.
Materials and methods
Cells, plasmids, viral transduction, and transient transfections C2C12 MB were cultured in DMEM supplemented with 20% FBS (growth media, GM) and induced to differentiate with DMEM supplemented with 2% horse serum, 1 Â insulin, transferrin, and selenium (differentiation medium, DM). 293T cells were cultured in DMEM supplemented with 10% FBS. Isolation and culture conditions for mouse primary MB have been described (Caretti et al, 2004) . Mouse ES cells were cultured in ESGRO-2i Medium (Millipore). UTX fl/fl primary MEFs were isolated from E12.5 UTX fl/fl female embryos . Retroviral infection of MEFs was done as described (Jin et al, 2011b) . The mouse mammary cancer cell line NK has been described (Xiao et al, 2007) . Myc-Spt6 was kindly provided by Dr KA Jones (Yoh et al, 2007) . Spt6 and deletion mutants were cloned into pCMV-Tag 2 vector (Agilent). The HA-KDM6A vector was kindly provided by Dr K Helin (Agger et al, 2007) . HA-KDM6A deletion mutants were cloned into pcDNA3.1 vector. Flag/myc-KDM6A and mutant constructs have been described (Hong et al, 2007a) . Flag-tagged Spt6 was cloned into the pHAN-Puro retroviral vector and transduced in C2C12 cells as described (Caretti et al, 2004) . Transient transfections were performed using Lipofectamine 2000 (Invitrogen).
RNA interference
Cells were transfected with siRNA against Spt6, KDM6A or Ezh2 with RNAiMAX (Invitrogen) according to manufacturer's protocol. Spt6, KDM6A, and control siRNA oligonucleotides were purchased from Qiagen (Spt6 SiRNA #1 SI01438059, Spt6 SiRNA #4 SI01438080, and KDM6A SiRNA SI01464267, All Star Neg. Control SiRNA 1027281). Ezh2 siRNA oligonucleotides have been described (Caretti et al, 2004) .
Immunofluorescence, immunoblot, and immunoprecipitation
Immunofluorescence was performed as described (Caretti et al, 2004) . Antibodies used in immunoblots are Spt6 (Novus, NB100-2582), KDM6A (Sigma, HPA000568), MHC and tubulin (Developmental Studies Hybridoma Bank, University of Iowa), GAPDH (Abcam, ab8245), Myogenin (Santa Cruz, sc-576), Ezh2 (Cell Signaling, #5246), Flag (Sigma, F3165), H3K27me3 (Millipore, 07-449), H3K9me3 (Millipore, 07-442), H3K36me3 (Abcam, ab9050), total H3 (Abcam, ab1791 and Cell Signaling, #3638), HA (Santa Cruz, sc-805), and Myc (Millipore, 05-419). For co-IP, 293T cells were cotransfected with plasmids expressing epitope-tagged Spt6 and KDM6A and harvested with lysis buffer (20 mM Tris-HCl (pH 8.0), 10% glycerol, 150 mM NaCl, 5 mM MgCl 2 , 0.1% NP-40, protease inhibitors). In all, 1 mg of whole cell lysate was incubated with antiFlag M2-agarose beads (Sigma). For endogenous Spt6 and KDM6A interactions, C2C12 cells were grown in GM to confluency, nuclear extracts were prepared as described (Wang et al, 2000) . In all, 500 mg of nuclear extracts were precipitated with normal rabbit IgG (Cell Signaling, #2729) or anti-KDM6A antibody. Bound immunocomplexes were eluted by heating in LDS sample buffer and subjected to Western analysis with anti-Spt6 or anti-KDM6A antibody.
Quantitative RT-PCR Total RNA was extracted using TRIzol Reagent (Invitrogen). cDNA was synthesized using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). In all, 2 ml of a 1:10 dilution of the synthesized cDNA was used for quantitative real-time PCR.
RT-qPCR was performed as previously described (Juan et al, 2009) . Briefly, total RNA was extracted using TRIzol Reagent (Invitrogen). cDNA was synthesized using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). In all, 2 ml of a 1:10 dilution of the synthesized cDNA was used for quantitative realtime PCR.
ChIP-qPCR, sequential ChIP, and ChIP-Seq Chromatin immunoprecipitation was performed as previously described (Mousavi et al, 2012) using antibodies against Spt6 (Novus, NB100-2582), KDM6A (Sigma, HPA000568), PolII (8WG16, Covance), Ezh2 (Life Technologies, 36-6300), H3K27me3 (Millipore, 07-449 or CS200603), H3K4me3 (Millipore, 07-473), H3K36me3 (Abcam, ab9050), H3K9me3 (Abcam, ab8898), Flag (Sigma, F3165), and IgG (Millipore, PP64B) described in Supplementary data. Real-time PCR was performed with SyberGreen MasterMix (Applied Biosystems). For sequential ChIP, Flag-immunoprecipitated complexes were eluted by incubation for 30 min at 371C in 25 ml of 10 mM DTT. After centrifugation, the eluted material was diluted 20 times with Re-ChIP buffer as described in Metivier et al (2003) and subjected to further immunoprecipitation with KDM6A antibodies. Oligonucleotides employed in ChIP-qPCR are reported in Supplementary Table S2 .
ChIP-Seq data analysis
Read alignment. Spt6 and KDM6A ChIP-Seq (36-cycle and 50-cycle single read) were performed on Illumina GAIIX and HiSeq2000 platforms and mapped to the mouse genome (NCBI37/mm9 version) using ELAND algorithm integrated within Illumina parallel sequencing analysis software. Reads aligned, allowing up to two mismatches, to single position in the genome were subsequently used for further analysis. ChIP-Seq for PolII and mRNA-Seq data were obtained and analysed as previously reported (Mousavi et al, 2012) and are available at GEO (accession number GSE25549). ChIP-Seq data sets for Spt6 and KDM6A are deposited in GEO (accession number GSE44119).
Peak detection for ChIP-Seq. Read-enriched genomic regions were detected using Spatial clustering approach for the Identification of ChIP-Enriched Regions (SICER) algorithm (Zang et al, 2009 ). This algorithm has been shown to be appropriate to detect broad enriched regions, such as those occupied by PolII and Spt6. To control for false positives, ChIP-Seq data generated from mock DNA immunoprecipitates (input DNA) were used against the sample data in calling enriched regions. Enriched regions were obtained by setting the window size to 200 bp and gap size to 600 bp. Only statistically significant enriched regions based on the FDR of 5% were chosen. Downstream analyses. All downstream analysis was performed using custom-made programs in Matlab. Gene information, such as TSS and TES, was obtained from UCSC tables (July 2007 NCBI37/ mm9 assembly). Heat maps were generated for occupancy profiles around TSS, according to the following: reads in enriched regions were mapped in À / þ 5 kb of TSS using sliding windows of 100 bp with 50 bp overlap. These mapped data were normalized by dividing to the total number of unique mapped tags from corresponding samples, and used to generate heat maps and occupancy profiles of individual ChIPs around TSS and TES. For Supplementary Figure 1C , genes were grouped in five classes. First group are the genes that are not occupied by PolII (PolII À genes). The remaining genes were grouped in four equal sized classes (first, second, third, fourth quartiles) based on their PolII occupancy levels. First quartile genes have the lowest level of PolII occupancy and fourth quartile genes have the highest level. For Supplementary Figure 3D genes were grouped similarly, but Spt6 occupancy levels were used to group the genes. List of genes occupied by each factor was obtained if any peaks were detected in region of À 2 kb upstream to þ 2 kb downstream of each gene.
Zebrafish embryos
Adult zebrafish strains and embryos obtained from natural crossing were maintained at 28.51C. Developmental stages of the embryos were determined according to Kimmel et al (1995) ). Embryos where collected and decorionated with either 1 mg/ml of pronase or by hand. Decorinated embryos were transferred to cold Ringer solution supplemented with 1 mM EDTA and 0.3 mM PMSF. Embryos were passed through a p200 tip to remove the yolks. The deyolked embryos were rinsed twice in fresh Ringer solution containing EDTA and PMSF. Embryos were then snap frozen in liquid nitrogen after removing the solution and stored at À 801C.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
